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The changes in the tensile properties and fracture mode brought about by heat treatment 
of Fe-12Cr-6AI ferritic stainless steel have been studied. A favourable combination of 
high strength and good ductility is obtained by heating the material at 1370 K for 2 h 
followed by a water quench. The high-temperature treatment results in carbide dis- 
solution as well as an increase in the grain size. The mechanism of Strengthening has been 
evaluated from the apparent activation energy (28 kJ mol -~) and is identified to be the 
unpinning of dislocations from the atmosphere of carbon atoms. As the heat-treatment 
temperature is increased, the fracture behaviour changes from ductile to brittle mode 
and this is related to the changes in grain size and friction stress. 
1. Introduction 
Ferritic stainless teels are usually Fe-Cr alloys 
containing 12-30% Cr and find important appli- 
cations where high-temperature corrosion and 
oxidation resistance is a primary requirement [1 ]. 
These steels are widely used in applications such 
as automobile xhaust systems, jet engines, nuclear 
reactors and petroleum refineries [2]. The high- 
temperature oxidation resistance of Fe -er  ferritic 
stainless steel is improved considerably by 
alloying it with aluminium [3]. It is also reported 
[3-5] that the addition of rare-earth elements 
gives oxidation resistance ven under conditions 
of thermal cycling. However, the addition of A1 
to ferritic stainless teel is found to cause problems 
in mechanical processing as it drastically reduces 
the high-temperature ductility [6, 7]. The poor 
ductility of as-cast Fe-Cr-A1 ferritic stainless 
steel is attributed to the presence of large alumina 
inclusions and coarse grain size [6]. 
The ferritic stainless teels are heat treated in a 
manner similar to austenitic stainless teels with a 
view to improving their ductility and corrosion 
resistance. But the high-temperature treatment 
of ferritic stainless teel is found [8-10] to cause 
embrittlement essentially brought about by a 
redistribution of interstitiats in the ferrite matrix. 
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The aim of the present investigation is to 
study the effect of high-temperature tr atment 
on the mechanical properties and fracture behav- 
iour of Fe-12Cr-6AI ferritic stainless teel. The 
Fe-12Cr-6A1 material was chosen for the present 
study because: 
(i) a chromium content of 12% is Considered 
optimum and is the minimum required for the 
stainless character [1 I]. Higher chromium con- 
tents wilt promote g-phase precipitation [11] 
and restrict the permissible interstitial levels 
[121; 
(ii) an aluminium content of 6% is again an 
optimum value for sufficient high-temperature 
oxidation resistance and for adequate ductility 
[7]. 
2. Experimental procedure 
The preparation and mechanical processing of 
Fe'12Cr--6A1 ferritic stainless steel were des- 
cribed in an earlier publication [t3]. In brief, 
the material was prepared by melting Fe-13% 
Cr alloy in an induction furnace and deoxidizing 
the melt with Fe-Ti and misch metal. The A1 
addition was made by plunging an electrical- 
grade A1 rod into the deoxidized molten bath. 
The melt was cast in permament moulds to obtain 
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ingots of 75 mm diameter. The ingots were remelt 
refined using the electroslag refining process using 
a synthetic slag mixture containing CaF2 :CaO: 
A1203 in the proportions 60:20:20. The average 
chemical analysis (wt%) of the refined material 
was as follows: Cr -12 ,  A1-6 ,  T i -0 .3 ,  C -  
0.12, P -0 .041 ,  S -0 .01 ,  N -60ppm,  O-  
30 ppm. 
The refined ingots were hot-forged into slabs 
of 15 mm thick which were subsequently cold 
rolled into 1 mm thick sheets giving intermediate 
annealing treatments at 1220 K for 15 min when- 
ever necessary. Sheet specimens with 15 mm gauge 
length, 3.5 mm width and 1 mm thick were milled 
from the rolled strips such that the rolling direction 
was parallel to their tensile axis. The tensile speci- 
mens were heated in the temperature ange 1150- 
1500 K and for various holding times in the range 
5 min to 4 h at each heat-treatment temperature. 
From the high temperature, one set of specimens 
was water-quenched and another set was air- 
cooled. A few specimens were also furnace- 
cooled. The room-temperature tensile properties 
were evaulated at a nominal strain rate of 10 -3 
sec -~ using a modified tensometer. 
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Specimens were prepared for optical micro- 
scopic examination following standard metal- 
lographic procedures. The etchant used con- 
sisted of H202 (10 vol%) and HF (15 vol%) in 
water. Microstructural details like inclusion 
content, grain size and carbide distribution were 
recorded. Specimens for transmission electron 
microscopy (TEM) were prepared first by chemi- 
cally thinning the sheet to about 0.3 mm in a 
solution containing HNO3 (30vo1%), HF (10 
vol%) and HC1 (15 vol%) in water and followed 
by electrochemical thinning. The electrochemical 
thinning was done in a solution containing 150 g 
CrO3 and 750 ml acetic acid in 30 ml water at 
25 V 'and 0.4 A. The fractured surfaces of tensile 
specimens were examined in a scanning electron 
microscope. 
3. Results 
3.1. Tensile properties at 300 K 
The variation of yield strength with heat-treatment 
temperature for different holding times in water- 
quenched and air-cooled specimens is shown in 
Fig. 1. The yield strength of both water-quenched 
and air-cooled specimens increases with increasing 
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Figure 1 Variation of yield strength with 
heat-treatment temperature for different 
holding times: (a) water-quench; and (b) 
air-cool. 
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heat-treatment temperature from 1170 K onwards 
and reaches a peak. However, in the specimens 
heat treated for 5 min, the strength continues to 
increase with increase in heat-treatment tem- 
perature. The yield strength peaks are lower and 
shift to lower temperatures with increasing holding 
time in the water-quenched specimens. In the case 
of air-cooled specimens, the peaks and their shift 
with holding time are not well defined. Above 
1370 K, the water-quenched specimens have 
higher yield strengths than the corresponding air- 
cooled specimens. 
The tensile strength variation with heat- 
treatment parameters (Fig. 2a) is very similar 
to that described above. Ductility changes 
(elongation and reduction in area) in the water 
quenched specimens with heat-treatment tem- 
perature for different holding times are given 
in Fig. 2b. The ductility remains unchanged 
up to about 1370 K for all holding times and 
decreases rapidly for higher heat-treatment 
temperatures. The tensile strength and ductility 
variations in the air-cooled specimens are similar 
to those described above but are less prominent. 
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The rate of cooling from the heat-treat- 
ment temperature has a significant effect on the 
strength but not on the ductility as shown in Table 
I, for specimens heat treated at 1370K for 2h. 
Lower rates of cooling give lower strength 
values. 
The variation of yield strength with holding 
time for different heat-treatment temperatures in 
the range 1170-1470 K is shown in Fig. 3. The 
yield strength reaches a peak value for all tem- 
peratures, the time taken to reach the peak being 
smaller at higher temperatures. 
3.2. Microstructural features 
The optical micrographs recorded on specimens 
heat treated at 1270 K for peak strength have 
shown carbide precipitation both at grain bound- 
aries and in the interior of the grains. The higher 
the heat-treatment temperature, the more is the 
carbide dissolution and the greater the grain size. 
Increasing the holding time has helped in carbide 
dissolution and in increasing the grain size. 
The volume fraction of carbides is estimated 
from the microstructure and is given in Fig. 4 as 
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Figure 2 Variation of tensile strength and 
ductility with heat-treatment for different 
holding times. 
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TABLE I Effect of cooling rate on the tensile properties in 1370 K -2  h treated specimens 
Cooling method Yield strength Tensile strength Elongation Reduction 
(MPa) (MPa) (%) in area (%) 
Water-quenched 613 850 25 65 
Air-cooled 503 701 20 73 
Furnace-cooled 447 663 24 69 
a function of heat-treatment variables: the holding 
time at 1370 K (Fig. 4a) and at time-to-peak at 
different heat-treatment temperatures (Fig. 4b). 
The grain-size variations with heat-treatment 
temperature and holding time are represented in
Fig. 1 and Fig. 3, respectively. The grain growth 
occurs predominantly beyond 1370 K and about 
2 h holding time at this temperature. At tem- 
peratures higher than 1370 K, grain growth readily 
occurs even in much shorter holding times than 
2h. 
3.3. F rac tography  
The SEM fractographs obtained on the heat- 
treated specimens fractured at room temperature 
are shown in Fig. 5. The figure includes the SEM 
picture on specimens heat treated at 1170 K 
(0.5 h), 1370 K (2 h) and 1470 K(0.5 h) followed 
by a water-quench. Fig. 5 reveals that the 1170 K 
specimen fails by a ductile mode (Fig. 5a) and the 
1470 K specimen undergoes a brittle failure (Fig. 
5c). A mixed mode of failure is observed in the 
1370 K specimen (Fig. 5b). 
The effect of cooling rate on the mode of 
failure in the 1370 K-2  h treated specimen tested 
at room temperature is depicted in Fig. 6. Com- 
paring this with Fig. 5b, it is seen that the slower 
rate of cooling (air-cooling or furnace-cooling) 
prevents the occurrence of cleavage. 
4. Discussion 
4.1.  S t rengthen ing  mechan ism in 
heat- t reated Fe -12Cr -6A I  
Unlike austenitic stainless steels, the commercial 
purity Fe-12Cr-6A1 ferritic stainless steel is 
strengthened by heat treatment involving high- 
temperature exposure followed by water-quench. 
As shown in Figs. 1 --3, the extent of strengthening 
depends on the heat-treatment variables: the 
temperature and the holding time. The observed 
strengthening due to heat treatment might have 
been caused by any one of the following mech- 
anisms: 
(i) solid-solution strengthening by A1 [14]; 
(ii) reprecipitation of carbides on dislocations 
during cooling as suggested by Demo [ 10]; 
(iii) formation ofaustenite inthe grain-boundary 
regions due to carbon segregation and transforma- 
tion of martensite on quenching [9]; 
(iv) formation of a high-temperature phase 
similar to "chi" phase observed in the Fe-Cr-Mo 
system [15]; 
(v) grain boundary strengthening; 
(vi) strengthening caused by quenched-in dis- 
locations; 
(vii) dissolution of carbides or nitrides at high 
temperature making free carbon or nitrogen 
available in the b cc matrix for strengthening by 
Cottrell ocking. 
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Figure 3 Variation of yield 
strength with holding time for 
different heat-treatment tem- 
peratures. 
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Figure 4 Variation of the amount of carbides in specimens (a) heat reated at 1370 K for different holding times, and 
(b) heat reated for peak strength at different temperatures. 
In view of the large size difference between 
Fe and A1 atoms (~ 12%), the addition of A1 
to Fe causes ubstantial solid-solution strengthen- 
ing. However, from the Fe-A1 phase diagram 
[16] it is seen that the solid solubility of A1 in 
Fe at room temperature is about 10wt% and 
increases to 20wt% at 1470K. As the alloy 
with 6% A1 is single-phase in the temperature 
range of heat treatment, no additional strengthen- 
ing due to A1 is achieved by heat treatment. The 
transmission electron micrographs did not reveal 
any preferential carbide precipitation on dis- 
locations. The micrograph recorded on the thin 
foil of a 1370 K-2 h water-quenched specimen 
is given in Fig. 7. The observed strengthening 
cannot, therefore, be accounted for on the basis 
of the reprecipitation model. 
In the Fe-Cr-Mo system, the formation of 
"chi"-phase (b cc) at high temperatures is reported 
[15]. In addition to a high-temperature phase, it is 
possible that an intermetallic F%A1 may form in 
the Fe-Cr-A1 system. TEM studies on the heat- 
treated specimens did not reveal the presence of 
any second phase other than chromium carbide 
(N2~C6). Thus, there isalso no evidence in support 
of a high-temperature phase being responsible for 
the strengthening. 
The metallographic examination has revealed 
that the grain size increases with increasing heat- 
treatment temperature as well as the holding time. 
[t is well known that the grain-size dependence of
strength follows the Hall-Petch relation [17] 
Figure 5 SEM fractographs of heat-treated specimens 
(a) l170K-0.Sh, (b) 1370K-2h and (c) 1470K- 
0.5 h followed by water-quench. 
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Figure 6 SEM fractographs of specimens heat treated at 1370 K -  2 h (a) air-cooled, and (b) furnace-cooled. 
according to which the room-temperature yi ld 
strength increases linearly with d -1/2 where d is 
the average grain diameter. A comparison of the 
grain-size data and the yield strength data given 
in Figs. 1 and 3 shows that the increase in the 
strength up to the peak cannot be explained on 
the basis of grain-size variations. However, the 
drop in the strength beyond the peak is clearly 
due to the occurrence of grain growth. Thus the 
strengthening cannot be related to grain-size 
variations caused by the heat treatment. 
The dissolution of carbides at high temperatures 
makes available free carbon in the ferrite matrix 
which on quenching is retained in solution. The 
higher the heat-treatment temperature or the 
holding time, the larger is the extent of carbide 
dissolution and therefore the higher is the carbon 
in solution. This gives considerable strengthening 
of the ferrite matrix by Cottrell atmosphere forma- 
tion around dislocations [18]. A model based on 
coherent state theory similar to that described 
Figure 7Transmission electron micrograph of 1370 K -  
2 h water-quenched specimen. 
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above was postulated by Thielsch [8] for the 
high-temperature embrittlement in ferritic stain- 
less steels. Solid-solution strengthening by C and 
N during the heat treatment of Fe-Cr alloys was 
also reported by Hitoshi and Yoshinori [19]. The 
contribution to the increase in the yield stress 
from differences in the quenched-in dislocation 
density will be small in comparison with the inter- 
stitial effect. 
The amount of interstitials in solution is 
governed by the dissolution of carbides or nitrides 
at the heat-treatment temperature (T) through an 
Arrhenius type of equation: 
c = Constant. exp (-- Q/RT) (1) 
where c is the concentration of interstitials and {2 
is the activation energy for diffusion. Taking the 
yield stress to be proportional to the interstitial 
content, it is possible to estimate the apparent 
activation energy by plotting log(yield stress) as 
a function of (l/T). In Fig. 8, the peak yield- 
strength values are plotted as a function of heat- 
treatment emperature. The effect of increase in 
grain size on yield stress will be negligible at 
holding times lower than the time-to-peak. This is 
seen by plotting the yield stress at a holding time 
of 1 h as a function of ( l /T)  which is also shown 
in Fig. 8. The slopes of the peak yield-stress line 
matches well with that obtained at 1 h holding 
time. The apparent activation energy estimated 
from Fig. 8 is 28 kJ tool -1 . 
The activation energy for the strengthening 
by Cottrell atmosphere formation of C atoms is 
that required for the unpinning of dislocations. 
The binding energy between dislocations and 
carbon atoms [14] is 48kJmo1-1, while the 
activation energy for the unpinning, being stress- 
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Figure 8 Arrhenius plot showing the vari- 
ation of yield strength with inverse of heat- 
treatment temperature. 
aided, is lower [20] (31kJmol-1). The apparent 
activation energy presently estimated for the 
strengthening (28 kJ mo1-1) matches well with that 
for the unpinning mechanism. The estimate for 
the apparent activation energy obtained from the 
hardness data [21] (33kJmo1-1) on Fe-12Cr -  
6A1 material also agrees with the above. 
The influence of cooling rate on the strengthen- 
ing is in terms of controlling the amount of 
reprecipitation of carbides during cooling. Higher 
cooling rates reduce the reprecipitation and 
retain more carbon in solution causing an increase 
in strength (Table I). 
The binding energy between dislocations and A1 
atoms is also of the order of 48 kJmo1-1 on the 
basis of the atomic size difference [14], and the 
activation energy for unpinning is likely to be of 
the same order as that for unpinning of C atoms. 
However, the strengthening due to AI atoms does 
not respond to heat treatment and hence is not 
responsible for the observed strengthening brought 
about by heat treatment. 
4.2. Fracture mechanism in heat-treated 
Fe -1  2Cr -6A I  
The effect of grain size on the yield stress, ay, 
and the brittle fracture sttress, OF, is related by 
a Hall-Petch type of relation [17, 22, 23]: 
cry = Ooy + ky d -u2 (2) 
OF = O0F + kFd -uz (3) 
where O0y and ky are the intercept and slope, 
respectively, of the plot of Oy against d - in  while 
OOF and k F are the intercept and slope of the 
plot of Or against d -1/2. O F is generally tem- 
perature-independent whereas ay increases with 
decrease in temperature. At a given testing tem- 
perature, there is a critical grain size defined at 
Oy = oF above which brittle fracture is favoured. 
In addition, an increase in the friction stress, Ooy, 
lowers the critical grain size [23]. Thus, brittle 
fracture is promoted by an increase in grain 
size as well as an increase in the friction stress. 
The large grain size (102pro) and the high 
friction stress caused by the dissolved carbon in 
the 1470 K-water-quenched specimen, induces 
brittle failure at room temperature (Fig. 5c). In 
contrast, the 1170 K-water-quenched specimen 
which has a finer grain size (~ 10 pro) and lower 
friction stress (carbon being in the combined form 
as carbide) undergoes a ductile rupture (dimples) 
(Fig. 5a). The specimen water-quenched from 
1370 K has a grain size (50-70pro) and a friction 
stress that is about the critical value required for 
causing a transition from one to another mode and 
hence shows a mixed mode of failure (Fig. 5b). It 
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is, however, difficult to separate the grain size and 
the friction stress effects on the yield and fracture 
in Fe-12Cr-6A1 ferritic stainless steel as any 
heat treatment given to change the friction stress 
also varies the grain size. 
The change in the mode of failure from a mixed 
one (Fig. 5b) to a ductile one (Fig. 6a, b) with 
decrease in cooling rate is attributed to a lowering 
of friction stress caused by the reprecipitation f
carbides. 
5. Conclusions 
(i) The tensile properties of Fe-12Cr-6A1 ferritic 
stainless teel depend on the heat-treatment tem- 
perature, holding time and the rate of cooling. 
(ii) The best combination of strength and 
ductility is obtained by heating the material for 
2 h at 1370 K followed by a water-quench. 
(iii) The apparent activation energy estimated 
from the dependence of yield strength on heat- 
treatment temperature is 28kJmol  -a which 
suggests that the strengthening mechanism is the 
unpinning of dislocations from the atmosphere of 
carbon atoms. The dissolution of carbides at high 
temperature followed by water-quench retains 
carbon in solution thereby forming an atmosphere. 
(iv) The mode of tensile failure at room tem- 
perature is a function of heat-treatment variables. 
Specimens heat treated to give a microstructure 
with large grain size (102/~m) and high Stress 
show a brittle failure while fine-grained micro- 
structure with carbides give ducti le rupture 
(dimples). A mixed mode of failure occurs for 
critical grain size (50-70/am) and friction stress. 
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